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We investigated thbe mechanism of lethal injury
Sollowing the disruption of microtubules in cul-
tured bepatocytes treated with vinblastine (VBL)
or colchicine (COL). These agents kill bepatocytes
by a process readily distinguisbed from two well-
known patbways that lead to a loss of viability,
namely, oxidative stress and inbibition of mito-
chondrial electron transport. Cell killing with VBL
and COL was accompanied by fragmentation of
DNA. Botbh the loss of viability and tbe fragmen-
tation of DNA were prevented by the inbibition of
protein syntbesis within 6 bours following expo-
sure to VBL or COL. Cell death and the fragmen-
tation of DNA were also prevented when Ca®* was
removed from the culture medium. By contrast,
the inbibition of protein kinase C prevented cell
killing by VBL or COL, but did not alter the extent
of DNA fragmentation. The requirements bere for
protein syntbesis, extracellular Ca’*, and protein
kinase C activity define a model of apoptosis, or
programmed cell death, that seems to involve
mechanisms that can be dissociated from the
Jragmentation of DNA. (Am J Pathol 1993, 143:
918-925)

Programmed cell death is an active process exem-
plified by the elimination of tissue that occurs during
embryonic development.’2 The process is accom-
panied by an internucleosomal fragmentation of DNA
that is widely held to distinguish programmed cell
death from toxic injury and necrosis.3-> Recently, the
concept of programmed cell death has been broad-
ened to include a variety of injuries characterized by
DNA fragmentation (DNA-F) and referred to as ap-
optosis. These include the spontaneous or pro-
grammed death of tumor cells®7 and the killing of
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various cell types by hormones,®° ionizing radia-
tion,'© toxic chemicals,’"'2 and various cytostatic
drugs,'3 "¢ including cisplatin, etoposide, and meth-
otrexate.

In most cases where cell death is attributed to ap-
optosis, the molecular mechanisms remain poorly un-
derstood. In large part, this may be a consequence
of the fact that mere demonstration of DNA-F has in-
creasingly been used to define any toxic injury as an
example of apoptosis.'”:'® In turn, there is a general
tendency to characterize death by apoptosis as an
inevitable consequence of a primary DNA-F. In most
cases, however, the mechanisms leading to DNA-F
and their relationship to the loss of cell viability remain
to be defined. Furthermore, it is not clear that many
of the examples of apoptosis in the literature repre-
sent the earlier concept of programmed cell death as
an active process.

The present report describes the activation of a
mechanism of programmed cell death in cultured rat
hepatocytes intoxicated with microtubule antago-
nists. In this model, cell killing requires protein syn-
thesis and is accompanied by, but is not the inevitable
consequence of, DNA-F. Thus, the data define an ex-
ample of apoptosis that is the consequence of an ac-
tive process that would seem to result from mecha-
nisms that can be dissociated from DNA-F.

Materials and Methods

Male Sprague-Dawley rats (150 to 200 g, Charles
River Breeding Laboratories, Inc., Wilmington, MA)
were fed ad libitum and then fasted overnight be-
fore use. Isolated hepatocytes were prepared by
the collagenase (Sigma Chemical Co., St. Louis,
MO) perfusion method of Seglen.® Yields of 2 to 4
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X 108 cells/liver with 85 to 90% viability by trypan
blue exclusion were routinely obtained. Hepato-
cytes were plated in 25-cm? flasks (Corning Glass
Works, Corning, NY) at a density of 1.33 X 10°
cells/flask in complete Williams E medium (GIBCO
Laboratories, Grand Island, NY) containing 10 1U/ml
penicillin, 10 pg/ml streptomycin, 50 pg/ml genta-
mycin, 0.02 U/ml insulin, and 10% heat-inactivated
(55 C for 15 minutes) fetal bovine serum (JRH Bio-
sciences, Kansas City, MO). After incubation for 2
hours at 37 C in an atmosphere of 5% C0O,-95% air,
the cultures were washed twice wiiin prewarmed 4-
(2-hydroxyethyl)-1-piperazine-ethanesulfonic  acid
(HEPES, Sigma) buffer (140 mmol/L NaCl, 6.7
mmol/L KCI, 1.2 mmol/L CaCl, and 2.4 mmol/L
HEPES, pH 7.4) to remove unattached or dead
cells. Complete Williams E was replaced, and flasks
were further incubated for 1 hour until the pH of the
culture medium was stable. Additions were made
as indicated in the text. For experiments performed
in the absence of extracellular Ca2*, the cultures
were washed and incubated in serum-free, Ca2*-
free Williams E medium with additions as noted. All
experiments were performed on at least three sepa-
rate cultures and were repeated with at least three
separate preparations of hepatocytes on different
days. In every case, the data shown are from one
experiment and are always representative of the
three. The variability in the viability of control cells
after 24 hours reflects the inherent variation be-
tween preparations of isolated hepatocytes.

The viability of the cultured cells was determined
by the release of lactate dehydrogenase activity as
described previously.?° DNA-F in hepatocyte cul-
tures was measured following lysis (0.3% v/v Triton
X-100, 3 mmol/L Tris, 12 mmol/L ethylenediamine-
tetraacetic acid, pH 8.0) and centrifugation
(27,0009, 20 minutes) to separate intact chromatin
from DNA fragments.®2" Pellets containing nonfrag-
mented DNA were resuspended in 1 N perchloric
acid, whereas the supernatants containing frag-
mented DNA were further centrifuged (27,000g, 15
minutes) following addition of perchloric acid. The
second pellet was also resuspended in 1 N per-
chloric acid. Both pellets were heated (70 C, 20
minutes), centrifuged (3,000g, 5 minutes), and as-
sayed colorimetrically for DNA content using the di-
phenylamine reagent.?> DNA-F was expressed as
the percentage of total DNA appearing in the origi-
nal supernatant.

DNA-F was also evaluated qualitatively by agar-
ose gel electrophoresis. Lysates obtained as de-
scribed above were treated with 0.5 mol/L NaCl in
50% isopropanol overnight at —20 C.2® Following
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centrifugation (27,000g, 15 minutes), the pellet was
air-dried, resuspended in sodium dodecy! sulfate
buffer (0.1 mol/L ethylenediaminetetraacetic acid,
20 mmol/L NaCl, 0.5% sodium dodecy! sulfate, pH
8.0), and treated with 100 pg/ml proteinase K over-
night at 50 C. DNA was extracted with phenol and
phenol/chloroform (1:1) and precipitated with
ethanol/sodium acetate overnight at =20 C.2* DNA
samples were separated by electrophoresis on
0.8% agarose gel containing 0.4 pg/ml ethidium
bromide. A 1-kb DNA Ladder provided standards
for molecular size.

HEPES, collagenase, cycloheximide (CHX),
vinblastine (VBL), colchicine (COL), potassium
cyanide (KCN), tert-butyl hydroperoxide (TBHP),
1-(5-isoquinolinesulfonyl)-2-methyl piperazine dihy-
drochloride (H-7), staurosporine (STS), ethidium
bromide, and protease K were obtained from
Sigma. Agarose was from Fisher Chemical Co. (Fair
Lawn, NJ), phenol from Boehringer Mannheim Cor-
poration (Indianapolis, IN), and 1-kb DNA Ladder
from GIBCO Bethesda Research Laboratories Life
Technologies Inc. (Gaithersburg, MD).

Results

The Killing of Cultured Hepatocytes by
VBL and COL

Figure 1 illustrates the time course of the cell killing
(open circles) and fragmentation of DNA (closed
circles) that occurred with 0.5 pg/ml of VBL and 0.5
umol/L COL. Significant loss of viability required at
least 12 hours of exposure to either agent. After this
time, cell death increased steadily to reach between
40 and 60% of the cells by 24 hours. Evidence of
DNA-F preceded the loss of viability with both VBL
and COL. Within 12 hours of exposure to either
agent, there was significant DNA-F with no loss of
viability with VBL and only minimal cell killing with
COL. DNA-F increased between 12 and 24 hours
with VBL and COL in parallel with the increased cell
killing. This close correlation between cell killing
and DNA-F was observed over the dose range of
0.1 pg to 1 pg/ml of VBL (0.12 mmol/L to 1.23
mmol/L) and 0.1 pmol/L to 1 umol/L COL (data not
shown).

By contrast, Figure 1 illustrates that the cell killing
by 1 mmol/L KCN occurs over a faster time and is
not preceded by DNA-F. After 6 hours, 80% of the
cell had been killed without evidence of DNA-F. By
12 hours, 95% of the cells were dead with minimal
DNA-F. The DNA-F that follows the cell killing by
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Figure 1. Time course of cell killing and DNA-F in cultured bepato-
cytes treated with 0.5 ug/mi of VBL, 0.5 umol/L COL, or 1 mmol/L cy-
anide. The results represent the mean * SD of three separate cul-
tures. Where the error bars are not apparent, the SD was less than the
size of the data point. One experiment representative of three is illus-
trated.

KCN most likely reflects the autolytic degradation
that inevitably accompanies the death of cells and
does not imply that the cells have died by apopto-
sis. Similarly, the killing of virtually all of the hepato-
cytes with 0.5 to 1.0 mmol/L TBHP was not accom-
panied by any evidence of DNA-F (data not shown).

DNA-F by Agarose Gel Electrophoresis

Figure 2 documents by agarose gel electrophoresis
the fragmentation of DNA in hepatocytes intoxi-
cated with VBL and COL. The characteristic ladder
pattern of internucleosomal DNA cleavage consis-
tent with activation of an endogenous endonuclease
is readily evident. Using the 1-kb DNA Ladder as a
marker for size, these fragmentation patterns most
likely represent 200-bp multiples of DNA. DNA from
untreated cells or hepatocytes intoxicated with KCN
or TBHP remained relatively unfragmented.

Protection by Inhibition of Protein
Synthesis

Table 1 documents the protection afforded by an in-
hibition of protein synthesis with CHX. With VBL, the
simultaneous addition of 1 ymol/L CHX reduced by

A: Untreated

B VBL (0.5 uag/ml)

C:COL (0.5 uM)

D: KCN (1 mM)

E: TBHP (0.5 mM)

S: Standard for molecular size

Figure 2. Agarose gel electrophoresis of DNA of bepatocytes intoxi-
cated with VBL or COL.

Table 1. Cyclobeximide Prevents the Loss of Viability
and Fragmentation of DNA in Hepatocyte
Cultures Treated with VBL or COL

Cell death DNA fragmentation

Treatment (% = SD) (% + SD)
None 128+ 0.8 19.1£ 0.6
CHX (1 pmol/L) 122+ 0.4 16.7 £ 0.4
VBL (0.5 ug/ml) 448 +0.8 409+ 0.6
VBL plus CHX 225+04 23122
COL (0.5 pmol/L) 355+ 1.4 417+ 0.5
COL plus CHX 15.7+0.8 22.7 + 0.6

Cell killing was determined after a 22-hour exposure to VBL or
COL. The results represent the mean + SD on three separate cul-
tures. One experiment representative of three is illustrated.

at least two-thirds the extent of both the cell killing
and the fragmentation of DNA. Similarly, in cultures
treated with COL, CHX afforded virtually complete
protection against both the loss of viability and
DNA-F. CHX had no effect on the cell killing by ei-
ther KCN or TBHP (data not shown). The dose of
CHX used here inhibited the incorporation of [3H]-
leucine into total protein by 85% (data not shown).
Table 2 shows the effect of the time of addition of
CHX on the loss of viability and DNA-F in cultures
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Table 2. The Time of Addition of Cyclobeximide Influences the Loss of Viability and Fragmentation of DNA in Cultured

Hepatocytes Treated with VBL or COL

Cell death DNA fragmentation

Treatment (% + SD) (% + SD)
None 96+ 0.6 185+ 0.9
CHX (1 pmol/L) 114+ 20 189+ 1.6
VBL (0.5 pg/ml) 455+ 1.3 474+ 0.8
VBL plus CHX (Time 0) 240+ 1.1 28.8 + 0.5
VBL plus CHX (3 hr) 23.4+25 329+14
VBL plus CHX (6 hr) 13.1+£15 23.4+0.2
VBL plus CHX (8 hr) 21.1+£0.7 259+04
VBL plus CHX (10 hr) 316+10 31.2+£22
VBL plus CHX (12 hr) 38.4+09 358+ 1.8
COL (0.5 pmol/L) 53.1+0.8 50.6 £ 2.1
COL plus CHX (Time 0) 228+ 1.1 237+16
COL plus CHX (6 hr) 21.0+ 09 23722

CHX was added at various intervals following the addition of VBL or COL. Cell death and DNA fragmentation were measured 24 hours
after the addition of VBL or COL. The results represent the mean + SD on three separate cultures. One experiment representative of three is

illustrated.

treated with VBL or COL. The protective effect of
CHX against both the cell killing and DNA-F was
maximal when the drug was added 6 hours after
treatment with VBL. The delay in the addition of
CHX for 6 hours was somewhat more effective in
protecting the cells than adding it at time 0. This
may simply relate to the fact that in the absence of
inhibition of protein synthesis for 6 hours, the cells
are better able to withstand the double shock of
their isolation and subsequent exposure to VBL.
Prevention of cell killing and DNA-F decreased
when CHX was added more than 6 to 8 hours after
the VBL.

Addition of CHX could also be delayed until 6
hours after treatment of the hepatocytes with COL.
There was no difference in the extent of the reduc-
tion in either cell killing or DNA-F when CHX was
added together with or 6 hours after COL.

Protection by Removal of Extracellular
Calcium

The culture medium used in the above experiments
(Williams E) contains 2.8 mmol/L CaCl,. Table 3 ad-
dresses the role of this extracellular Ca2* in the kill-
ing of cultured hepatocytes by VBL or COL. By
treating the hepatocytes with these agents in a cul-
ture medium from which calcium ions had been re-
moved (<20 pymol/L Ca2™*), the extent of cell killing
was reduced by as much as 75%. Removal of ex-
tracellular calcium ions similarly reduced the extent
of DNA-F.

Table 4 explores the effect of the time of removal
of extracellular calcium on the loss of viability and
the fragmentation of DNA in cultures treated with
VBL or COL. Removal of extracellular calcium ions

Table 3. Removal of Extracellular Calcium Prevents

the Loss of Viability and Fragmentation of
DNA in Hepatocyte Cultures Treated with

VBL or COL
Cell death DNA fragmentation

Treatment (% + SD) (% + SD)
Control 104 +£0.3 11.8 £ 0.1
Control minus Ca?* 4.5+0.3 74+03
VBL (0.5 pg/ml) 500+ 1.6 46.1 £+ 0.7
VBL minus Ca®* 220+ 1.8 23.8+0.3
COL (0.5 ymol/L) 51.0x1.2 46.2 + 0.5
COL minus Ca?+ 26.5+0.7 27.0+04

Cell killing was determined after a 24-hour exposure to VBL or
COL. The results represent the mean + SD on three separate cul-
tures. One experiment representative of three is illustrated.

after 6 hours of exposure to either VBL or COL af-
forded a greater protection than the removal of cal-
cium during the first 6 hours of exposure to either
agent. The effect of the time of removal of extracel-
lular calcium on the extent of DNA-F was less pro-
nounced.

Protection by Inhibitors of Protein Kinase
C (PKC)

PKC activity has been implicated in the mechanism
of cell killing in several models held to represent
programmed cell death.2®> Table 5 illustrates the
ability of two different PKC inhibitors, H-7 and STS,
to prevent the killing of cultured hepatocytes by VBL
or COL. When added together with VBL, both H-7
and STS decreased the loss of viability by as much
as 60 to 70%. Under the same conditions, H-7 and
STS did not alter the extent of DNA-F. A similar dis-
sociation of cell killing from DNA-F was obtained
when either H-7 or STS was added 6 hours after
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Table 4. The Time of Removal of Extracellular Calcium Influences the Loss of Viability and Fragmentation of DNA in

Cultured Hepatocytes Treated with VBL or COL

Cell death DNA fragmentation

Treatment (% + SD) (% + SD)
Control plus Ca2* 196 +0.7 23.7+0.7
Control minus Ca2* 92x+04 134+ 05
Control minus Ca?* (6-24 hr) 6.7+04 11.1+£0.2
Control minus Ca?* (0-6 hr) 143+ 0.4 185+ 0.7
VBL (0.5 pg/ml) 61.8 0.4 50.0 + 1.1
VBL minus Ca?* 36.9+33 359+1.0
VBL minus Ca?* (6-24 hr) 299+10 418+ 1.4
VBL minus Ca?* (0-6 hr) 46.5+1.0 479+ 0.6
COL (0.5 pmol/L) 554+04 51.0+20
COL minus Ca?+ 30.6 + 0.9 372+ 15
COL minus Ca?* (6-24 hr) 27.0+ 0.9 381+12
COL minus Ca2* (0-6 hr) 402 + 0.8 452 +1.7

Cell killing was determined after a 24-hour exposure to VBL or COL. The results represent the mean + SD on three separate cultures. One

experiment representative of three is illustrated.

Table 5. Inbibitors of PKC Prevent the Loss of Viability but not the Fragmentation of DNA in Hepatocyte Cultures Treated

with VBL or COL

Cell death DNA fragmentation

Treatment (% + SD) (% + SD)
None 79+04 126+ 0.6
H-7 (100 ymol/L) 119+04 20.0 £ 0.1
STS (1 pmol/L) 89+04 18.1+£0.6
VBL (0.5 pg/mt) 375+1.2 406 +1.7
VBL plus H-7 (time 0) 151 +£1.0 38.7+18
VBL plus H-7 (6-24 hr) 183+1.2 37.2+05
VBL plus STS (time 0) 154+ 0.6 463+ 18
VBL plus STS (6-24 hr) 179+1.2 515+ 3.0
COL (0.5 pmol/L) 347 +£05 346+1.2
COL plus H-7 (time 0) 16.7 £ 09 292 +22
COL plus H-7 (6-24 hr) 18.0+ 0.5 221 +£0.8
COL plus STS (time 0) 16.9+ 09 39.7+05
COL plus STS (6-24 hr) 150+ 05 434 +2.2

Cell killing was determined after a 24-hour exposure to VBL or COL. The results represent the mean + SD on three separate cultures. One

experiment representative of three is illustrated.

treatment with VBL. H-7 and STS had no effect on
the killing of cultured hepatocytes by either KCN or
TBHP (data not shown).

The two PKC inhibitors also prevented the cell
killing by COL. The effect on DNA-F was less pro-
nounced. The dissociation of cell killing from DNA-F
was particularly striking with STS. When added to-
gether with COL or 6 hours after COL, STS reduced
the loss of viability by as much as 60 to 70% without
any reduction in the extent of DNA-F.

Discussion

The data presented above document that VBL and
COL kill cultured hepatocytes by a mechanism that
can readily be distinguished from two well-known
pathways that lead to a loss of viability, namely, oxi-
dative stress2® and inhibition of mitochondrial elec-
tron transport.2” DNA-F preceded or accompanied
the killing of cultured hepatocytes by VBL and COL

(Figure 1). By contrast, with TBHP (oxidative stress)
and KCN (inhibition of electron transport), DNA-F
was not evident until the cells had died. Cell killing
by VBL and COL depended on protein synthesis
and was prevented by its inhibition with CHX (Table
1). By contrast, CHX had no effect on the toxicity of
TBHP or KCN. Removal of calcium ions from the
culture medium similarly prevented the cell killing
by VBL and COL, but was without effect on that by
TBHP or KCN. Finally, inhibition of PKC with either
H-7 or STS reduced the toxicity of VBL and COL.
The cell killing by TBHP or KCN was unaffected by
these same agents.

The characteristics of the killing of cultured hepa-
tocytes by VBL and COL are consistent with
activation-induced or programmed cell death, re-
sponses commonly included under the rubric of ap-
optosis. We suggest that the disruption of the integ-
rity of microtubules by VBL or COL is recognized
by the hepatocytes. The cells respond with the



synthesis of a protein(s) that, in turn, triggers the
killing of the cells. The mechanism of lethal injury re-
quires the presence of extracellular calcium ions
and the participation of PKC.

The function of liver cells includes, to a large ex-
tent, the release to and extraction from the blood of
numerous metabolic products. This function re-
quires the integrity of the microtubular apparatus.
Thus, the disruption of microtubules would render
the hepatocyte functionally useless, but not neces-
sarily lethally injured. That such incompetent cells
can be eliminated by activation of a cell killing pro-
gram is clearly advantageous, because regenera-
tion should readily restore functionally competent
liver cells.

The data presented here document three require-
ments for the programmed killing of cultured hepa-
tocytes by VBL or COL, namely, protein synthesis,
extracellular calcium ions, and PKC activity. The na-
ture of the protein(s) synthesized beyond 6 hours
remains to be defined. However, because DNA-F
could be dissociated from the loss of viability, it is
unlikely that CHX is inhibiting the synthesis of a pro-
tein required for the internucleosomal disruption of
DNA, presumably by activation of an endonuclease.

The requirement for extracellular calcium most
likely relates to an increased flux of these ions
across the plasma membrane of injured hepato-
cytes. It is not unreasonable to suggest that the re-
quirement for protein synthesis may be related to
such an increased permeability to extracellular cal-
cium ions. More specifically, there is precedent for
the hypothesis that cell killing depends on the pro-
duction of a protein that alters the permeability of
the plasma membrane. Such a situation occurs with
the killing of cells by virus, either directly or indi-
rectly with the participation of the immune system.

A rise in the cytosolic concentration of Ca?™ is re-
quired for the activation of PKC under various con-
ditions,2® and there are many reports to suggest
that PKC may play an important role in programmed
cell death.282° Proposed mechanisms by which
PKC may modulate, enhance, or trigger pro-
grammed cell death include: a) receptor-mediated
mobilization and maintenance of high levels of
[Ca®*],, b) phosphorylation of proteins involved in
metabolism, gene expression, or the structural in-
tegrity of the cell, and ¢) the synthesis of cytotoxic
lymphokines (e.g., tumor necrosis factor) or other
proteins.?® It has been suggested that sustained
translocation and activation of PKC with subsequent
protein phosphorylation might be a critical event
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leading to the uncontrolled influx of extracellular
Ca?* and subsequent cell death in other models of
apoptosis.?®

Whereas inhibitors of PKC afforded substantial
protection from the cell killing by VBL or COL, they
were less effective in preventing the fragmentation
of DNA. By contrast, removal of extracellular cal-
cium reduced the cell killing and DNA-F in parallel.
Taken together, these data suggest that a rise of cy-
tosolic Ca?* may activate PKC, an event that is re-
quired for lethal injury (Figure 3). At the same time,
a rise in the intracellular content of calcium acti-
vates an endonuclease with the resultant fragmen-
tation of DNA. However, this second effect of the in-
flux of Ca®* does not depend on PKC activation
and is not necessarily related to the lethal injury.

This conclusion is consistent with previous re-
ports that the key morphological features of apopto-
sis may occur in the absence of internucleosomal
DNA-F.30-32 Moreover, endonuclease is constitu-
tively present in intact, nonapoptotic nuclei and may
be activated by mechanisms unrelated to apopto-
sis.33 Therefore, endonuclease activation should not

Vinblastine or Colchicine
Disruption of Microtubules
Functional Paralysis of the Hepatocyte
Recognition of this Injury

Synthesis of Protein(s) that
Alter Permeability of Plasma Membrane
to Extracellular Ca*2

Influx of Ca*Z and *[Ca +2] i

Activation of Activation of
Endonuclease Protein Kinase C
Fragmentation of DNA Cell Death

Figure 3. Proposed mechanism of the cell killing by VBL or COL.
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be considered a general marker or sine qua non for
apoptosis,®* and the assessment of programmed
cell death by biochemical assays alone should be
interpreted with caution. Our data provide further
support for the hypothesis that there are several
mechanisms responsible for the initiation of apopto-
sis that may exhibit both cellular and organ speci-
ficity.

It needs to be emphasized that we have defined
a distinct pathway to lethal injury that may or may
not correspond to what others have called pro-
grammed cell death or, more generally, apoptosis.
Whether this pathway in the cultured hepatocytes
includes the classic morphological changes that
some have used to define apoptosis is clearly of in-
terest but, importantly, is not relevant to the interpre-
tation of the data presented. In fact, a careful mor-
phological analysis of the cells is currently
underway in our laboratory, the results of which will
be interpreted in the light of the results of the
present study (and not vice versa).

References

1. Hinchliffe JR: Cell death in embryogenesis. Cell Death
in Biology and Pathology. Edited by Bowen ID, Lock-
shin RA. London, New York, Chapman and Hall Press,
1981, pp 35-78

2. Searle J, Kerr JFR, Bishop CJ: Necrosis and apopto-
sis: distinct modes of cell death with fundamentally
different significance. Pathol Annu 1982, 17:229-259

3. Wyllie AH: Glucocorticoid-induced thymocyte apopto-
sis is associated with endogenous endonuclease acti-
vation. Nature 1980, 284:555-556

4. Wyllie AH: Cell death. Int Rev Cytol 1987, 17:755-785

5. Cohen JJ, Duke RC, Fadok VA, Sellins KS: Apoptosis
and programmed cell death in immunity. Annu Rev Im-
munol 1992, 10:267-293

6. Kerr JFR, Searle J: A suggested explanation for the
paradoxically slow growth rate of basal-cell carcino-
mas that contain numerous mitotic figures. J Pathol
1972, 107:41-44

7. Wyllie AH: The biology of cell death in tumors. Anti-
cancer Res 1985, 5:131-136

8. Kerr JFR, Searle J: Deletion of cells by apoptosis dur-
ing castration-induced involution of the rat prostate.
Virchows Arch [B] 1973, 13:87-102

9. Sandow BA, West NB, Norman RJ, Brenner RM: Hor-
monal control of apoptosis in hamster uterine luminal
epithelium. Am J Anat 1979, 156:15-35

10. Yamada T, Ohyama H: Radiation-induced interphase
death of rat thymocytes is internally programmed (ap-
optosis). Int J Radiat Biol 1988, 53:65-75

11. McConkey DJ, Hartzell P, Duddy SK, Hakansson H,

12.

13.

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

Orrenius S: 2,3,7,8-tetrachlorodibenzo-p-dioxin  kills
immature thymocytes by Ca?*-mediated endonu-
clease activation. Science 1988, 242:256-259
McConkey DJ, Hartzell P, Nicotera P, Orrenius S:
Calcium-activated DNA fragmentation kills immature
thymocytes. FASEB J 1989, 3:1843-1849

Kaufmann SH: Induction of endonucleolytic DNA
cleavage in human acute myelogenous leukemia cells
by etoposide, camptothecin, and other cytotoxic anti-
cancer drugs: a cautionary note. Cancer Res 1989,
49:5870-5878

Barry MA, Behnke CA, Eastman A: Activation of pro-
grammed cell death (apoptosis) by cisplatin, other an-
ticancer drugs, toxins and hyperthermia. Biochem
Pharmacol 1990, 40:2353-2362

Cotter TG, Glynn JM, Echeverri F, Green DR: The in-
duction of apoptosis by chemotherapeutic agents oc-
curs in all phases of the cell cycle. Anticancer Res
1992, 12:773-780

Sen S, D’Incalci M: Apoptosis: biochemical events
and relevance to cancer chemotherapy. FEBS Lett
1992, 307:122-127

Jones DP, McConkey DJ, Nicotera P, Orrenius S:
Calcium-activated DNA fragmentation in rat liver nu-
clei. J Biol Chem 1989, 264:6398-6403

. Newell MK, Haughn LJ, Maroun CR, Julius MH: Death

of mature T cells by separate ligation of CD4 and
T-cell receptor for antigen. Nature 1990, 347:286-288

. Seglen PO: Preparation of isolated rat liver cells.

Methods Cell Biol 1976, 13:29-83

Farber JL, Young EE: Accelerated phospholipid deg-
radation in anoxic rat hepatocytes. Arch Biochem Bio-
phys 1981, 211:312-330

Cohen JJ, Duke RC: Glucocorticoid activation of a
calcium-dependent endonuclease in thymocyte nuclei
leads to cell death. J Immunol 1984, 132:38-42
Burton K: A study of the conditions and mechanism of
the diphenylamine reaction for the colorimetric estima-
tion of deoxyribonucleic acid. Biochem J 1956, 62:
315-332

Sellins KS, Cohen JJ: Gene induction by gamma-
irradiation leads to DNA fragmentation in lympho-
cytes. J Immunol 1987, 139:3199-3206

Sambrook J, Fritsch EF, Maniatis T: Molecular Cloning.
A Laboratory Manual, 2nd ed. Cold Spring Harbor, NY,
Cold Spring Harbor Laboratory, 1989

Saitoh T, Masliah E, Jin LW, Cole GM, Wieloch T, Sha-
piro IP: Biology of Disease: protein kinases and phos-
phorylation in neurologic disorders and cell death.
Lab Invest 1991, 64:596-616

Farber JL, Kyle ME, Coleman JB: Biology of disease:
mechanisms of cell injury by activated oxygen spe-
cies. Lab Invest 1990, 62:670-679

Masaki N, Thomas AP, Hoek JB, Farber JL: Intra-
cellular acidosis protects cultured hepatocytes from
the toxic consequences of a loss of mitochondrial en-



28.

29.

30.

31.

ergization. Arch Biochem Biophys 1989, 272:152-161
Kizaki H, Tadakuma T, Odaka C, Muramatsu J, Ish-
imura Y: Activation of a suicide process of thymocytes
through DNA fragmentation by calcium ionophores
and phorbol esters. J Immunol 1989, 143:1790-1794
Iseki R, Mukai M, Iwata M: Regulation of T lymphocyte
apoptosis. Signals for the antagonism between
activation- and glucocorticoid-induced death. J Immu-
nol 1991, 147:4286-4292

Zheng LM, Zylchlinsky A, Liu CC, Ojicius DM, Young
JD: Extracellular ATP as a trigger for apoptosis or pro-
grammed cell death. J Cell Biol 1991, 112:279-288
Collins RJ, Harmon BV, Gobe GC, Kerr JFR: Internu-
cleosomal DNA cleavage should not be the sole

32.

33.

34.

Microtubule Antagonists and Apoptosis 925
AJP September 1993, Vol. 143, No. 3

criterion for identifying apoptosis. Int J Radiat Biol
1992, 61:451-453

Cohen GM, Sun XM, Snowden RT, Dinsdale D, Skill-
eter DN: Key morphological features of apoptosis may
occur in the absence of internucleosomal DNA frag-
mentation. Biochem J 1992, 286:331-334

Bursch W, Oberhammer F, Schulte-Hermann R: Cell
death by apoptosis and its protective role against dis-
ease. Trends Pharmacol Sci 1992, 13:245-251

Boe R, Gjertsen BT, Vintermyr OK, Houge G, Lanotte
M, Doskeland SO: The protein phosphatase inhibitor
okadaic acid induces morphological changes typical
of apoptosis in mammalian cells. Exp Cell Res 1991,
195:237-246



